In this study, we have developed a numerical model based on an open source Computational Fluid Dynamics (CFD) package OpenFOAM, in order to investigate the flow pattern and pollutant dispersion in urban street canyons with different geometry configurations. In the new model, the pollutant transport driven by airflow is modeled by the scalar transport equation coupling with the momentum equations for airflow, which are deduced from the Reynolds Averaged Navier-Stokes (RANS) equations. The turbulent flow calculation has been calibrated by various two-equation turbulence closure models to select a practical and efficient turbulence model to reasonably capture the flow pattern. Particularly, an appropriate value of the turbulent Schmidt number has been selected for the pollutant dispersion in urban street canyons, based upon previous studies and careful calibrations against experimental measurements. Eventually, the numerical model has been validated against different well-known laboratory experiments in regard to various aspect ratios (a relationship between the building height and the width of the street canyon), and different building roof shapes (flat, shed, gable and round). The comparisons between the numerical simulations and experimental measurements show a good agreement on the flow pattern and pollutant distribution. This indicates the ability of the new numerical model, which can be applied to investigate the wind flow and pollutant dispersion in urban street canyons.
Introduction
Pollution from industrial activities, vehicle exhaust, heating and cooling systems, etc. can cause fatal harms to humans in urban street canyons; therefore the investigation of flow characteristics and pollution transports in urban street canyons is a vital task in the urban environment. The most important characteristics of the flow in street canyons are the wind-induced flow patterns characterized by internal flow, flow separation and reattachment, which effect on the local air quality and consequently human health in urban areas. The study on wind flow and pollutant transport inside and over urban street canyons has attracted great concern during the last three decades due to speedy urbanization and city enlargement. Field measurements and laboratory-scale physical modeling are not only very expensive, but also difficult, and somehow impossible due to the temporal and spatial scales and the complex geometry configurations of urban street canyons. Advantaged from an increase in computer technology (HPC facility), Computational Fluid Dynamics (CFD) becomes the most efficient tool for the simulation of wind flows and pollutant transports in urban street canyons.
In general, the three approaches applied in CFD are: Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) and Reynolds Averaged Navier-Stokes (RANS), which are all used to calculate turbulent flows. The DNS is employed to numerically solve directly the Navier-Stokes equation in order to calculate more accurately the mean flow and all turbulent velocity fluctuations for entire ranges of spatial and temporal scales. Hence, the spatial grid sizes have to be sufficiently fine to capture the smallest scales within the Kolmogorov microscales ( Re η ∼ 1). Correspondingly, the temporal steps have to be sufficiently small to resolve the period of the fastest fluctuations. Consequently, these calculations require a very strong capability of computer resources, and may exceed the available capacity of most powerful high performance computers in solving the three dimensional problems of wind flow and pollutant transport in urban street canyons with large Reynolds numbers. On the other hand, LES uses a spatial filter to screen out the eddy scales, whereby the large scales are resolved by the DNS method, and the small scales are resolved by a sub-grid-scale (SGS) model. Proper solving by LES also requires very fine grids (near-wall grid sizes y + ≤ 1), and this requirement is again tackled with a high computing cost. Particularly in wind engineering, we usually need to simulate the flows in very large domains in kilometers and complex geometry configurations, including a number of building shapes, streets, trees, etc. Even, the results obtained from LES implemented by Liu et al. [1] for some reasons did not show a good agreement with the experiments in comparison with the standard k-ε model (see Figures 3 and 4 in Li et al. [2] ). Moreover, it would not be an easy task to calibrate and validate the turbulence characteristics obtained from the DNS or LES models with the data observed from real urban street canyons, since such data are not usually available.
Therefore, the numerical simulation based on the Reynold Averaged Navier-Stokes (RANS) equations is still applied to calculate the turbulent flow and pollutant dispersion in urban street canyons, due to its practical and efficient applications. Many authors have applied RANS equations with the standard k-ε turbulence closure model and its variants (Extended, Re-Normalization Group (RNG), realizable) because of their robustness and efficiency. Sini et al. [3] , Johnson and Hunter [4] , Baik and Kim [5, 6] , Chan et al. [7, 8] , Jeong and Andrews [9] , Takano and Moonen [10] , Yassin [11] , etc., have applied the standard k-ε turbulence. In addition, in order to calculate turbulent flow and pollutant transport in urban street canyons, most of authors used a commercial CFD software, such as Fluent (Leitl and Moroney [12] ; Chan et al. [8] ; Sagrado et al. [13] ; Li et al. [14] , Yassin [11] ; etc.), CFX (Raw et al. [15] ; Walton et al. [16] ; etc.), PHONENICS (Hassan and Crowther [17] ; Koutsourakis et al. [18] ), etc. Recently, Takano and Moonen [10] used the OpenFOAM package to study the influence of roof shapes on flow and pollutant dispersion in an urban street canyon; however, they still applied the convection-diffusion equation for passive scalar transport for the flow over regular arrangements of buildings with slanted roofs.
In this study, based on an open source CFD package OpenFOAM (http://www.openfoam.com/) we modified the source code to develop a new solver in order to investigate the flow patterns and pollutant dispersions in urban street canyons. The OpenFOAM package is a general CFD tool box written in C ++ and designed as a numerical library of solvers for Partial Differential Equations, which can provide professional users an opportunity to build their own specific solvers, then immerse them into the package. Based on this advantage, we developed a new solver combing the wind flow calculation with a transport process together to facilitate the pollution transport simulation driven by the turbulent flows. In the standard library of OpenFOAM, the numerical solution is designated only for a passive scalar transport; i.e., the concentration field is solved for a given stationary velocity field, and it can deal with only the constant diffusion coefficient, so that it cannot take into account the turbulent diffusion caused by turbulent flows. In the new solver, the scalar transport equation is solved together with the RANS equations with two-equation turbulence closure models, such as the standard k-ε turbulence closure model and its variants (RNG k-ε, realizable k-ε), and the k-ω turbulence closure model and its variant (k-ω SST). At each time step, after updating the wind flow field and turbulent parameters, the advection-diffusion equation can be solved. A difference between the original and customized solvers is shown in Figure 1 
Governing Equations

Flow Equations
For wind flow calculation, the RANS equations are modeled by various two-equation turbulence closure models, such as various k-ε models (standard, RNG, realizable), and k-models (k-, k-SST). However, the simulation of turbulent flow and pollutant dispersion in an urban street canyon has to deal with a wide range of spatial and temporal scales and complex geometry configurations, and so a robust and efficient turbulence model needs to be selected. Therefore, we tried to validate the results obtained from different turbulence models against the different experimental measurements of Li et al. [2] and Brown et al. [19] . Figure 2 shows a validation of dimensionless vertical velocity profiles obtained from different turbulence closure models against the measurements of Li et al. [2] . Figure 3 shows the comparisons of velocity profiles and turbulence kinetic energy between numerical results obtained from different turbulence models (standard, realizable, RNG, k-and k-SST) and the measurements of Brown et al. [19] for flat roofs. From Figures 2 and 3 , it shows that the results obtained from various k-ε and k-models do not have noticeable differences in comparison with the experimental data. However, the standard and RNG k-ε models are in favor of practical applications for large scale simulations due to their robustness and efficiency. Furthermore, it is well-known that the standard k-ε model under-predicts reattachment length (Demirdzic [20] ; Thangam and Speziale [21] ), and the velocity close to wall boundaries within the cavity (Sahm et al. [22] ). It also has some deficiencies when the standard k-ε model is applied to simulate flow impingement and separation (Apsley and Castro [23] ). The flow in urban street canyons, by its nature, is inherent the characteristics of the flow over the backward-facing step, and the flows including the reattachment, separation and recirculation zone. A modification of the straindependent correction term in the ε-equation of RNG k-ε model has overcome the limitation of the standard k-ε turbulence. Yakhot et al. [24] report that the RNG k-ε model shows very good predictions of the flow over the backward-facing step. Particularly, Rotach [25] , Chan et al. [7] , Li et al. [14] , Memon and Leung [26] , and Koutsourakis et al. [18] recommend that the RNG k-ε turbulence closure model has the best overall performance among k-ε model variants for the simulation of turbulent flow and pollutant dispersion in urban street canyons. Therefore, the RNG k-ε model (Yakhot et al. [24] ) was selected for this numerical model, and its equations read as follows: 
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Flow Equations
For wind flow calculation, the RANS equations are modeled by various two-equation turbulence closure models, such as various k-ε models (standard, RNG, realizable), and k-ω models (k-ω, k-ω SST). However, the simulation of turbulent flow and pollutant dispersion in an urban street canyon has to deal with a wide range of spatial and temporal scales and complex geometry configurations, and so a robust and efficient turbulence model needs to be selected. Therefore, we tried to validate the results obtained from different turbulence models against the different experimental measurements of Li et al. [2] and Brown et al. [19] . Figure 2 shows a validation of dimensionless vertical velocity profiles obtained from different turbulence closure models against the measurements of Li et al. [2] . Figure 3 shows the comparisons of velocity profiles and turbulence kinetic energy between numerical results obtained from different turbulence models (standard, realizable, RNG, k-ω and k-ω SST) and the measurements of Brown et al. [19] for flat roofs. From Figures 2 and 3 , it shows that the results obtained from various k-ε and k-ω models do not have noticeable differences in comparison with the experimental data. However, the standard and RNG k-ε models are in favor of practical applications for large scale simulations due to their robustness and efficiency. Furthermore, it is well-known that the standard k-ε model under-predicts reattachment length (Demirdzic [20] ; Thangam and Speziale [21] ), and the velocity close to wall boundaries within the cavity (Sahm et al. [22] ). It also has some deficiencies when the standard k-ε model is applied to simulate flow impingement and separation (Apsley and Castro [23] ). The flow in urban street canyons, by its nature, is inherent the characteristics of the flow over the backward-facing step, and the flows including the reattachment, separation and recirculation zone. A modification of the strain-dependent correction term in the ε-equation of RNG k-ε model has overcome the limitation of the standard k-ε turbulence. Yakhot et al. [24] report that the RNG k-ε model shows very good predictions of the flow over the backward-facing step. Particularly, Rotach [25] , Chan et al. [7] , Li et al. [14] , Memon and Leung [26] , and Koutsourakis et al. [18] recommend that the RNG k-ε turbulence closure model has the best overall performance among k-ε model variants for the simulation of turbulent flow and pollutant dispersion in urban street canyons.
Therefore, the RNG k-ε model (Yakhot et al. [24] ) was selected for this numerical model, and its equations read as follows:
Atmosphere 2019, 10, 683 and the constants are in the following table (Table 1) . (Table 1) . 
Scalar Transport Equation
As with the same manner to obtain RANS equations, the time-averaged transport equation for a scalar C is obtained: [19] ).
As with the same manner to obtain RANS equations, the time-averaged transport equation for a scalar C is obtained:
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where the prime denotes a fluctuating value, D is molecular diffusion coefficient and S is a pollutant source. The simplest model for turbulent scalar fluxes follows from the standard gradient-diffusion hypothesis (SGHD), where the turbulent scalar flux is assumed proportional to mean scalar gradient as follows:
So we can rewrite the Equation (5) as
where D t is turbulent diffusion coefficient which is assumed to be isotropic and homogeneous. The turbulent diffusion coefficient D t in Equation (6) is modeled by the relationship eddy-viscosity (ν t = C µ k 2 ε ) and the turbulent Schmidt number Sc t , D t = ν t Sc t , or in other words the Schmidt number is dependent upon the ratio of turbulent eddy viscosity and the turbulent mass diffusivity (Sc t = ν t D t ); thus, it is driven by the turbulent flow and has no universal value. Therefore, it needs to be calibrated to select an appropriate value for the pollutant transport in urban street canyons as mentioned by Tominaga and Stathopoulos [27] . Spalding [28] confirmed that Sc t = 0.7 gave close agreement with the experimental data, while Launder [29] found that Sc t = 0.9 is a better value. So that, the value Sc t of 0.7 or 0.9 is more common in applying to the calculation of pollutant dispersion in urban street canyons.
However, as shown in Table 2 , the Schmidt number of 0.9 is more in favor of use by various authors than its value of 0.7. To make sure the selection of an appropriate value for the Schmidt number, we also recalibrated this value against Kastner-Klein's experiment [30] . As shown in Figure 4 , the value of 0.9 delivers the best fit of the measurements. 
′ = −
where Dt is turbulent diffusion coefficient which is assumed to be isotropic and homogeneous. The turbulent diffusion coefficient Dt in Equation (6) is modeled by the relationship eddyviscosity ( = ) and the turbulent Schmidt number , = , or in other words the Schmidt number is dependent upon the ratio of turbulent eddy viscosity and the turbulent mass diffusivity ( = ); thus, it is driven by the turbulent flow and has no universal value. Therefore, it needs to be calibrated to select an appropriate value for the pollutant transport in urban street canyons as mentioned by Tominaga and Stathopoulos [27] . Spalding [28] confirmed that Sct = 0.7 gave close agreement with the experimental data, while Launder [29] found that Sct = 0.9 is a better value. So that, the value Sct of 0.7 or 0.9 is more common in applying to the calculation of pollutant dispersion in urban street canyons. However, as shown in Table 2 , the Schmidt number of 0.9 is more in favor of use by various authors than its value of 0.7. To make sure the selection of an appropriate value for the Schmidt number, we also recalibrated this value against Kastner-Klein's experiment [40] . As shown in Figure  4 , the value of 0.9 delivers the best fit of the measurements. 
Initial and Boundary Conditions
In order to initialize an analogous condition to the actual initial conditions of pollutant dispersion in urban street canyons, we first ran the simulation for airflow only to obtain the flow field, including its parameters. Thereafter, we restarted the new run initialized by the previous run with a turned-on-pollutant source released from a location close to the road surface.
At the inlet, a specific velocity profile is given at the inlet boundary, which is dependent on the characteristics of incoming boundary layers of airflow.
In general, the turbulence parameters of the RNG k-ε turbulence model are set at the inlet boundary, as follows:
where U is mean velocity at the inlet; I is the turbulent intensity; l is the turbulent characteristic length. At the building walls and road surfaces, a no-slip condition was set for velocity. The other turbulence parameters such as turbulence kinetic energy and the specific dissipation rate were set to wall functions:
where u * = τ o /ρ is the friction velocity at the nearest wall. The dimensionless velocity profile (u + = U u * ) is followed by the wall function, as follows (Kundu and Cohen [41] ):
κ ln(Ey + ) i f 30 < y + < 500 where y + = yu * /ν is the dimensionless wall distance, y is the distance to the nearest wall and E is an empirical constant related to the wall roughness; for a smooth wall E = 9.54.
The dimensionless concentration at the road surface is represented as follows:
where: C [ppm] is the actual trace-gas concentration; U [m/s] is free stream velocity; H [m] is building height; L [m] is length of line source; and Q [m 3 /s] is volume rate of trace-gas. The top of the computational domain is considered as a symmetry plane, whereby the velocity, pressure and turbulence parameters were set to the zero gradient boundary condition.
The outlet boundary has been set to the cyclic condition.
Validations
First step, the new model is validated against the data from Li et al.'s experiment to study the effects of different aspect ratios (ARs) on flow pattern and dispersion process in urban street canyons. Thereafter, the model is validated against the data from Rafailidis and Schatzmann's [42] , Kastner-Klein and Plate's [30] and Llaguno-Munitxa et al.'s [43] experiments to study the effects of various roof shape configurations.
Validation against the Measurement Data from Li et al.'s Experiment
Li et al. [2] carried out their experiment in a water-flume with the water depth of 40 cm for the water flow over six to ten identical flat roof model buildings, whose length, width and height are 29.8 cm, 10 cm and 10 cm, respectively. Freestream velocity U is taken at z = 30 cm from the flume bottom. Our Reynolds number is 12,000, based on the freestream velocity and the building height. Experiments were implemented for three aspect ratios: AR = 2.0, 1.0 and 0.5, which all correspond to the canyon widths of 5, 10 and 20 cm. The pollutant transport was not observed in this experiment. The following sections are to present the hydrodynamic validations of the numerical model against [2] for different aspect ratios (AR), which is a relationship between the building height H and the width of street canyon B (AR = H/B).
Street Canyon of Aspect Ratio AR = 2.0
According to Oke's classification [44] , the flow in this configuration belongs to a skimming regime whose flow pattern is more complex than the flow of the aspect ratio AR = 1.0. Similar to the results obtained from Liu et al. [1] , the flow generates two main vortices in the street canyon, which are in opposite directions; an anticlockwise vortex below the half building height, and another clockwise vortex above the half building height, as shown in Figure 5 . This is a phenomenon to explain why the streamwise velocities change direction twice from bottom to the roof level as shown in Figure 6a ,c,e. Figure 7 shows well-matched comparisons between our results and the experimental data (Li et al. [2] ) of the horizontal velocity profiles at the roof level (z/H = 1.0) and at half building height (z/H = 0.5). In general, our results are closer to the experimental data than the results obtained from Li et al. [14] and Liu et al. [1] . Figure 8 shows the comparisons of the turbulence kinetic energy (TKE) between our numerical and experimental results. [2] for different aspect ratios (AR), which is a relationship between the building height H and the width of street canyon B (AR = H/B).
According to Oke's classification [44] , the flow in this configuration belongs to a skimming regime whose flow pattern is more complex than the flow of the aspect ratio AR = 1.0. Similar to the results obtained from Liu et al. [1] , the flow generates two main vortices in the street canyon, which are in opposite directions; an anticlockwise vortex below the half building height, and another clockwise vortex above the half building height, as shown in Figure 5 . This is a phenomenon to explain why the streamwise velocities change direction twice from bottom to the roof level as shown in Figure 6a ,c,e. Figure 6 shows a comparison between the numerical results and measurements of the Figure 7 shows well-matched comparisons between our results and the experimental data (Li et al. [2] ) of the horizontal velocity profiles at the roof level (z/H = 1.0) and at half building height (z/H = 0.5). In general, our results are closer to the experimental data than the results obtained from Li et al. [14] and Liu et al. [1] . Figure 8 shows the comparisons of the turbulence kinetic energy (TKE) between our numerical and experimental results.
(a) (b) Figure 5 . Streamlines (a) and velocity vector (b) (1) of wind flow inside the street canyons with aspect ratio (AR) = 2. ( (1) Due to the velocity inside the canyons being too small in comparison with the ambient velocity, the magnitude of the velocity vector presented in the graphs (from now on in the manuscript) is scaled by the color bar rather than by the length of the vector). (1) of wind flow inside the street canyons with aspect ratio (AR) = 2. ( (1) Due to the velocity inside the canyons being too small in comparison with the ambient velocity, the magnitude of the velocity vector presented in the graphs (from now on in the manuscript) is scaled by the color bar rather than by the length of the vector).
Street Canyon of Aspect Ratio AR = 1
This case is similar to the flat roof shape experiments of Rafailidis and Schatzmann [42] . As classified by Oke [44] , the flow regime in this configuration (AR = 1) is skimming, whereby the bulk flow does not enter the canyon, and this is characterized by a stable and isolated vortex at the street canyon center due to an ambient flow outside on top of the street canyon, as shown in Figure 18a in 
This case is similar to the flat roof shape experiments of Rafailidis and Schatzmann [42] . As classified by Oke [44] , the flow regime in this configuration (AR = 1) is skimming, whereby the bulk flow does not enter the canyon, and this is characterized by a stable and isolated vortex at the street canyon center due to an ambient flow outside on top of the street canyon, as shown in Figure 18a in Section 4.2.1 below. Figure 9 shows the normalized, vertical profiles of the streamwise (left column) and vertical (right column) velocities along leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) locations in the 
This case is similar to the flat roof shape experiments of Rafailidis and Schatzmann [42] . As classified by Oke [44] , the flow regime in this configuration (AR = 1) is skimming, whereby the bulk flow does not enter the canyon, and this is characterized by a stable and isolated vortex at the street canyon center due to an ambient flow outside on top of the street canyon, as shown in Figure 18a in Section 4.2.1 below. Figure 9 shows the normalized, vertical profiles of the streamwise (left column) and vertical (right column) velocities along leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) locations in the [14] using a k-ε model, and better than the results obtained from Liu et al. [1] using the LES model. Actually, they also failed to reproduce the vertical velocity at the center of the street canyon (x/B = 0.5).
Atmosphere 2019, 10, x FOR PEER REVIEW 11 of 30 street canyon with an aspect ratio AR = 1. The numerical results of streamwise velocity (U/Uref) show a very good agreement with the experimental data as shown on the left column, while the numerical results of vertical velocity (W/Uref) capture the observation data at x/B = 0.25 and 0.75 very well. Similar to the numerical results obtained from the simulation of Rafailidis and Schatzmann's experiment, the result in this case does not capture well the vertical velocity profile (W/Uref) at x/B = 0.5. However, our results are overall very similar to the results obtained from Li et al. [14] using a k-ε model, and better than the results obtained from Liu et al. [1] using the LES model. Actually, they also failed to reproduce the vertical velocity at the center of the street canyon (x/B = 0.5). The vertical velocity profiles clearly show the flow moves up at upstream (near leeward) and moves down at downstream (near windward), producing a stable clockwise vortex at the center of the street canyon. Due to the clockwise vortex at the street canyon center, the stream-wise velocity is negative below half-height roof level, and positive over the half-height level. The vertical velocity approaches to zero at the roof-top level (z/H = 1) because the ambient wind above the roof-top level plays a role as a driven-lid for the street canyon. Figure 10 shows the horizontal profiles of the normalized stream-wise and vertical velocities along a roof level and half-height line. The vertical velocity at roof level (Figure 10d ) is very small due to the suppression of the upper motion by the ambient wind, which makes the flow in the street canyon similar to the flow in a lid-driven cavity. The vertical velocity at the half-height level (Figure 10b ) changes direction at about the center of canyon width; i.e., it takes a positive value on the upstream half-width of the canyon, and a negative value on downstream half-width of the canyon. The stream-wise velocity at the half-height level (Figure 10a ) is almost negative. All of these features demonstrate the characteristics of an isolated circulation at the center of the street canyon as a cavity center.
normalized stream-wise and vertical velocities along a roof level and half-height line. The vertical velocity at roof level ( Figure 10d ) is very small due to the suppression of the upper motion by the ambient wind, which makes the flow in the street canyon similar to the flow in a lid-driven cavity. The vertical velocity at the half-height level (Figure 10b ) changes direction at about the center of canyon width; i.e., it takes a positive value on the upstream half-width of the canyon, and a negative value on downstream half-width of the canyon. The stream-wise velocity at the half-height level (Figure 10a ) is almost negative. All of these features demonstrate the characteristics of an isolated circulation at the center of the street canyon as a cavity center. Figure 11 shows the normalized turbulence kinetic energy ( ⁄ ) at three vertical lines; the leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) locations, in the street canyon. Similar to the case of AR = 2, it shows our model can pick up the turbulent kinetic energy inside the street canyon (below the roof height); particularly the numerical results are matching well with experimental data at the upstream and center of the street canyon, but it is not well in agreement beyond the roof level, where occurs the interaction of the ambient flow and the flow from inside the canyon.
However, our numerical results of turbulence kinetic energy are still closed to the experimental data than the numerical results obtained from Li et al. [14] and Liu et al. [1] . Due to the aspect ratio of 0.5, the flow in this geometry configuration belongs to the wake interference flow regime in which there are two horizontal interacting vortices; the downwind building disturbs the recirculation vortex before readjustment can occur. Similar to the results obtained from Liu et al. [1] , the flow forms three vortices inside the street canyon; the largest one occupies about two thirds of the area of the street canyon, and is located on windward side; the second large one is located on upstream near to the lower corner on leeward; the little third vortex is located at the right lower corner of the canyon, as shown in Figure 12 . However, our numerical results of turbulence kinetic energy are still closed to the experimental data than the numerical results obtained from Li et al. [14] and Liu et al. [1] .
Street Canyon of Aspect Ratio 0.5
Due to the aspect ratio of 0.5, the flow in this geometry configuration belongs to the wake interference flow regime in which there are two horizontal interacting vortices; the downwind building disturbs the recirculation vortex before readjustment can occur. Similar to the results obtained from Liu et al. [1] , the flow forms three vortices inside the street canyon; the largest one occupies about two thirds of the area of the street canyon, and is located on windward side; the second large one is located on upstream near to the lower corner on leeward; the little third vortex is located at the right lower corner of the canyon, as shown in Figure 12 . Due to the aspect ratio of 0.5, the flow in this geometry configuration belongs to the wake interference flow regime in which there are two horizontal interacting vortices; the downwind building disturbs the recirculation vortex before readjustment can occur. Similar to the results obtained from Liu et al. [1] , the flow forms three vortices inside the street canyon; the largest one occupies about two thirds of the area of the street canyon, and is located on windward side; the second large one is located on upstream near to the lower corner on leeward; the little third vortex is located at the right lower corner of the canyon, as shown in Figure 12 . Figure 15 shows the normalized turbulence kinetic energy (k/U 2 re f ) at three vertical lines; the leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) locations inside the street canyon. It shows that the numerical results are reasonably agreed with the experimental data at the leeward and center locations, but not at the windward location. This trend is similar to the cases of AR = 1 and 2.
2, the turbulence kinetic energy ( / ) at z/H = 1 and z/H = 0.5 is poorly captured, which is also indicated by a low value of R 2 in combination with a high value of RMSE. Particularly, in the case of AR = 0.5, at x/B = 0.75, the index R 2 is below 0.5, however the value of RMSE is still smaller than those in the same case (AR = 0.5). This different tendency of two indices comes from the different trends of the numerical results and observation data as shown in Figure 13b ,d,f, and even the deviation between numerical results and observations is not large (shown by the value of RMSE). 
Validation against the Measurement Data from Rafailidis and Schatzmann's Experiment
In these experiments, two-dimensional wind-tunnel models simulated from an urban boundary layer corresponding to the street-canyon configurations with eight flat (Figure 16a ) or slanted roofshape buildings (Figure 16b ) are studied.
The modeled street canyons have the building height of H, the street width of B, and the slanted roof height of ZH. Velocity and turbulence intensity profiles were measured along vertical lines from Table 3 shows the evaluation between the numerical results and experimental data of velocity and turbulence kinetic energy based on the efficiency criteria RMSE (root mean square error) and R 2 (the coefficient of determination) for all cases, AR = 0.5, 1.0 and 2.0. It shows an overall good agreement between the numerical results and the measurements. However, it should state that there are still some specific locations where the numerical model still cannot well capture the observation values. For instance, in the case where AR = 1, the vertical velocity (W/U ref ) at x/B = 0.5 and the turbulence kinetic energy (k/U 2 re f ) at z/H = 1 are not well captured by the numerical model, which fact is indicated by a low value of R 2 in combination with a high value of RMSE; in the case of AR = 2, the turbulence kinetic energy (k/U 2 re f ) at z/H = 1 and z/H = 0.5 is poorly captured, which is also indicated by a low value of R 2 in combination with a high value of RMSE. Particularly, in the case of AR = 0.5, at x/B = 0.75, the index R 2 is below 0.5, however the value of RMSE is still smaller than those in the same case (AR = 0.5). This different tendency of two indices comes from the different trends of the numerical results and observation data as shown in Figure 13b ,d,f, and even the deviation between numerical results and observations is not large (shown by the value of RMSE).
In these experiments, two-dimensional wind-tunnel models simulated from an urban boundary layer corresponding to the street-canyon configurations with eight flat (Figure 16a ) or slanted roof-shape buildings (Figure 16b ) are studied. 
Flat Roof Shape
In this experiment, the modeled street canyon consists of eight idealized flat roof buildings with the aspect ratio AR = H/B = 1.0 (H = B = 60 mm). A steady source S = 150 ppm is released at the bottom center of the fourth street canyon, as shown in Figure 5a above. Figure 17 shows a comparison of the normalized vertical velocity profiles (w/U) at three positions inside the street canyon, being the leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) positions, between the numerical results and the measurements. The positive value of vertical velocity at the leeward side has shown that the airflow moves upward from bottom to the roof height level, reaching the zero-value at the roof top level due to the suppression of ambient wind, whereas it shows opposite direction at windward side. Consequently, a stable clockwise vortex is formed at the center of the street canyon. Figure 18a shows the distribution of the velocity vector inside the street canyon. This result is the same as those obtained from Yassin [11] using Fluent with the k-ε turbulence model, and Chan et al. [8] , also using Fluent with the RNG k-ε turbulence model for flat roofs. Figure 18b shows a very good agreement between the simulation results and measurements of the vertical profile of pollutant concentration at the leeward (x/B = 0.25) and windward (x/B = 0.75) locations in the street canyon, whereby the pollutant magnitude at the leeward side is significantly reduced (about 50%) upward from the road surface to the building roof level, and almost double At the inlet of this experiment, an inlet velocity profile was prescribed by the power law, as in Rafailidis [45] :
The parameters are obtained from the measurement, where: α = 0.28, D = 0.002 m is the displacement height above the ground, U(δ) = 5 m/s is free-stream velocity and δ = 0.5 m is the thickness of the boundary layer.
In this experiment, the modeled street canyon consists of eight idealized flat roof buildings with the aspect ratio AR = H/B = 1.0 (H = B = 60 mm). A steady source S = 150 ppm is released at the bottom center of the fourth street canyon, as shown in Figure 5a above. Figure 17 shows a comparison of the normalized vertical velocity profiles (w/U) at three positions inside the street canyon, being the leeward (x/B = 0.25), center (x/B = 0.5) and windward (x/B = 0.75) positions, between the numerical results and the measurements. The positive value of vertical velocity at the leeward side has shown that the airflow moves upward from bottom to the roof height level, reaching the zero-value at the roof top level due to the suppression of ambient wind, whereas it shows opposite direction at windward side. Consequently, a stable clockwise vortex is formed at the center of the street canyon. Figure 18a shows the distribution of the velocity vector inside the street canyon. This result is the same as those obtained from Yassin [11] using Fluent with the k-ε turbulence model, and Chan et al. [8] , also using Fluent with the RNG k-ε turbulence model for flat roofs. 
Slanted-Roof Shape
Similar to the flat roof buildings, there are eight different slanted roof buildings where the ratios between the vertical slant height and the building height (ZH/H) are of 0.5, 0.33 and 0.17, respectively. The source magnitude and released location are the same as in the flat roof case. The geometry of the slanted roof shape is shown in Figure 16b . Figure 19 shows the velocity vector in the street canyons with slanted roofs obtained from the numerical results. It shows that the center vortices of wind flow in the street canyon are lifted upward once the slope of the slanted roof is increased, and this similar tendency is also obtained from the simulation of Yassin [11] . The locations of the vortex center obtained from our simulations are also very similar to the numerical results of Yassin [11] , particularly when the slope of the slanted is still small ( ≤ 0.17), and the vortex center location is kept the same as in flat roof situation. The same rotation in the 
Similar to the flat roof buildings, there are eight different slanted roof buildings where the ratios between the vertical slant height and the building height (ZH/H) are of 0.5, 0.33 and 0.17, respectively. The source magnitude and released location are the same as in the flat roof case. The geometry of the slanted roof shape is shown in Figure 16b . Figure 19 shows the velocity vector in the street canyons with slanted roofs obtained from the numerical results. It shows that the center vortices of wind flow in the street canyon are lifted upward once the slope of the slanted roof is increased, and this similar tendency is also obtained from the simulation of Yassin [11] . The locations of the vortex center obtained from our simulations are also very similar to the numerical results of Yassin [11] , particularly when the slope of the slanted is still small ( ≤ 0.17), and the vortex center location is kept the same as in flat roof situation. The same rotation in the Figure 18b shows a very good agreement between the simulation results and measurements of the vertical profile of pollutant concentration at the leeward (x/B = 0.25) and windward (x/B = 0.75) locations in the street canyon, whereby the pollutant magnitude at the leeward side is significantly reduced (about 50%) upward from the road surface to the building roof level, and almost double larger than that along the windward side. In comparison with the results obtained from the Yassin simulation [11] , our numerical results of pollutant distribution are matching better with the observations of Rafailidis and Schatzman [42] .
Similar to the flat roof buildings, there are eight different slanted roof buildings where the ratios between the vertical slant height and the building height (Z H /H) are of 0.5, 0.33 and 0.17, respectively. The source magnitude and released location are the same as in the flat roof case. The geometry of the slanted roof shape is shown in Figure 16b . Figure 19 shows the velocity vector in the street canyons with slanted roofs obtained from the numerical results. It shows that the center vortices of wind flow in the street canyon are lifted upward once the slope of the slanted roof is increased, and this similar tendency is also obtained from the simulation of Yassin [11] . The locations of the vortex center obtained from our simulations are also very similar to the numerical results of Yassin [11] , particularly when the slope of the slanted is still small (Z H ≤ 0.17), and the vortex center location is kept the same as in flat roof situation. The same rotation in the clockwise direction of the vortices is obtained for both cases; the flat and slanted roof shapes. Figure 20 shows a comparison between the numerical results and experimental observations of the normalized vertical concentration K at the leeward side (x/B = 0.25) and windward side (x/B = 0.75) with the slanted roof slope Z H = 0.5. It shows our model can capture very well the pollutant concentration in the street canyon with this slanted roof shape. In particular, the pollutant concentration obtained from our numerical result at the windward side matches better with the experiment data than that result at the leeward side.
In addition, the same tendency as in the flat roof case, the vertical pollutant distribution along the leeward side is much larger than those distributed along the windward side. The vertical pollutant concentration drops significantly upward along the leeward side (more than 50%), while it is almost very little changed along the windward side. In addition, the same tendency as in the flat roof case, the vertical pollutant distribution along the leeward side is much larger than those distributed along the windward side. The vertical pollutant concentration drops significantly upward along the leeward side (more than 50%), while it is almost very little changed along the windward side. Figure 21 shows the distribution of pollutant inside the street canyons of slanted roof buildings with different roof slopes; ZH/H = 0.50, 0.33 and 0.17, respectively. This again shows that the pollutant concentration at the leeward side is always larger than at the windward side for the slopes (ZH/H) of ZH/H = 0.17 Figure 21 shows the distribution of pollutant inside the street canyons of slanted roof buildings with different roof slopes; Z H /H = 0.50, 0.33 and 0.17, respectively. This again shows that the pollutant concentration at the leeward side is always larger than at the windward side for the slopes (Z H /H) of 0.33 and 0.17, while the concentration is quite symmetrical in the street canyon with the roof slope of 0.5. In general, the pollutant concentration is upwardly decreased when the slope of the roof is increased. These results are similar to the results obtained from Yassin [11] . 
Validation against the Measurement Data from Kastner-Klein's Experiment
Kastner-Klein [40] carried out the experiments in a boundary layer wind tunnel. The modeled building height is of H = 12 cm, which is a typical average building height Hn = 20 m in urban areas. Line sources are designed following Meroney et al. [46] , and located at position A, distancing 35 mm 
Kastner-Klein [30] carried out the experiments in a boundary layer wind tunnel. The modeled building height is of H = 12 cm, which is a typical average building height H n = 20 m in urban areas. Line sources are designed following Meroney et al. [46] , and located at position A, distancing 35 mm from building I, and at position B, distancing 85 mm from building I, as shown in Figure 22 . The pollutant source was mixture of air and a tracer gas (SF6), which mixture was released at location A or B. As shown in Figure 23 , in comparison to the reference case (flat roof), the flow patterns inside the urban street canyons of the situations described in Figure 22 are very distinguished from each other. Only the flow in situation 3 (stepdown-stepup) is quite similar to the flow in the reference case. Moreover, the flow in the reference case, the situations 3, 4 and 5 form only one main vortex, whose direction is clockwise, except the flow in situation 1 (stepup-stepup). The flow in the situations 4 and 5 is quite similar, the location of the vortex center is quite the same and located close to building roof level and depressed by outer ambient air flows. In situations 1 and 2, the flow forms two vortices in the street canyon, one main larger vortex and one small. However, the order of the two vortices is different in these situations. Whereas the larger vortex is a bit downward to the street surface, and the smaller vortex is located at the building roof level near the windward side in situation 1; the larger vortex is a bit upward to the building height level and the smaller vortex is located near the leeward close to street surface in situation 2. Figures 24 and 25 show a good agreement between the numerical results and experimental measurements of the dimensionless concentration K along the leeward and windward lines. In the case of a flat roof (reference case), similar to the results obtained from Rafailidis' experiments [45] , it again shows that the concentration at the windward is smaller than at the leeward side.
At the leeward, the largest concentration is found near to street surface, and it drops off significantly upward. In addition, below the half building height (z/H < 0.5) the pollutant concentration at the leeward site is almost twice as large when the source location changes from location A to position B. Whereas, the pollutant concentration was not changed, and was kept almost steady from the road surface to the roof level at the leeward and windward sites when the source location changed from A to B, as shown in Figure 24 . Figure 25 shows the comparisons of pollutant concentrations released from position source A with different building roof configurations. In the reference case, situations 2 and 5, as shown in Figure 25a ,c,f, the concentration at the leeward side is much larger than the concentration at the windward side; moreover the concentration is significantly upward dropped at the leeward site, while it keeps steady at the windward site. Whereas, in the situations 1, 3 and 4, as shown in Figure  25b ,d,e, it shows an opposite trend to the results obtained from the reference case, situations 2 and 4; i.e., the concentration at the windward side is much larger than the concentration at the leeward side, and the concentration is significantly upward dropped at the windward site, while it keeps steady at the leeward site. Figure 26 shows the distribution of the turbulence kinetic energy (TKE) in the street canyons The approaching vertical velocity profile of the wind is given by the power law as follows:
where z r = 100 m (similar to nature), u r = u 100 = 7.7 m/s, and α = 0.23. A normalized concentration value is shown in Equation (7). The geometry configuration of building roof shapes and the source locations are shown in Figure 22 .
Reference case: Flat roof shapes; Situation 1: One-side pitched roof shapes (step-up); Situation 2:
Step-up and step down roof shapes; Situation 3: Slanted roof shapes; Situation 4: Street canyon between slanted and flat roof shapes; Situation 5: Street canyon between flat and slanted roof shapes. A and B are source positions.
As shown in Figure 23 , in comparison to the reference case (flat roof), the flow patterns inside the urban street canyons of the situations described in Figure 22 are very distinguished from each other. Only the flow in situation 3 (stepdown-stepup) is quite similar to the flow in the reference case. Moreover, the flow in the reference case, the situations 3, 4 and 5 form only one main vortex, whose direction is clockwise, except the flow in situation 1 (stepup-stepup). The flow in the situations 4 and 5 is quite similar, the location of the vortex center is quite the same and located close to building roof level and depressed by outer ambient air flows. In situations 1 and 2, the flow forms two vortices in the street canyon, one main larger vortex and one small. However, the order of the two vortices is different in these situations. Whereas the larger vortex is a bit downward to the street surface, and the smaller vortex is located at the building roof level near the windward side in situation 1; the larger vortex is a bit upward to the building height level and the smaller vortex is located near the leeward close to street surface in situation 2. Figures 24 and 25 show a good agreement between the numerical results and experimental measurements of the dimensionless concentration K along the leeward and windward lines. In the case of a flat roof (reference case), similar to the results obtained from Rafailidis' experiments [45] , it again shows that the concentration at the windward is smaller than at the leeward side. At the leeward, the largest concentration is found near to street surface, and it drops off significantly upward. In addition, below the half building height (z/H < 0.5) the pollutant concentration at the leeward site is almost twice as large when the source location changes from location A to position B. Whereas, the pollutant concentration was not changed, and was kept almost steady from the road surface to the roof level at the leeward and windward sites when the source location changed from A to B, as shown in Figure 24 . Figure 25 shows the comparisons of pollutant concentrations released from position source A with different building roof configurations. In the reference case, situations 2 and 5, as shown in Figure 25a ,c,f, the concentration at the leeward side is much larger than the concentration at the windward side; moreover the concentration is significantly upward dropped at the leeward site, while it keeps steady at the windward site. Whereas, in the situations 1, 3 and 4, as shown in Figure 25b ,d,e, it shows an opposite trend to the results obtained from the reference case, situations 2 and 4; i.e., the concentration at the windward side is much larger than the concentration at the leeward side, and the concentration is significantly upward dropped at the windward site, while it keeps steady at the leeward site. Figure 26 shows the distribution of the turbulence kinetic energy (TKE) in the street canyons with different building roof shape configurations. It shows that the low value of TKE usually takes place at the center of the vortex, the corners and near road surface, where the fluctuating velocity is small. In addition, the high value of TKE can be found at the windward side near roof level due to the interaction of the downwind from the ambient flow with the stagnant air inside the canyon, which is similar as lid-driven flow in a square cavity. Table 4 shows the evaluation between the numerical results and experimental data of the dimensionless concentration K along the leeward and windward sites for all cases following Kastner-Klein's experiments [30] . It shows a very good agreement between the numerical results and the measurements. Particularly, in the cases of Reference and Situation 5, it shows a higher value of RMSE in comparison with other cases; however, the index R 2 is located in a very good range (>0.9). These situations are referred to in Figure 25 (left top and right bottom), which are similar to the case AR = 0.5, at x/B = 0.75 shown in Table 3 for flow parameters, when the different trends between the simulation results and observation data occurs. Table 4 shows the evaluation between the numerical results and experimental data of the dimensionless concentration K along the leeward and windward sites for all cases following Kastner-Klein's experiments [40] . It shows a very good agreement between the numerical results and the measurements. Particularly, in the cases of Reference and Situation 5, it shows a higher value of RMSE in comparison with other cases; however, the index R 2 is located in a very good range (>0.9). These situations are referred to in Figure 25 (left top and right bottom), which are similar to the case AR = 0.5, at x/B = 0.75 shown in Table 3 for flow parameters, when the different trends between the simulation results and observation data occurs. In this section, we apply the numerical model to study the flow over buildings with round roof shapes. The numerical results have been validated against the data obtained from the experiment of Llaguno-Munitxa et al. [43] . The experiments were carried in the wind tunnel to observe the flow over seven building models by the box size (0.07 m × 0.07 m) and the canyon width B = 0.07 m, as shown in Figure 27 . Llaguno-Munitxa et al. [43] carried out their experiments with three different inlet boundary conditions; however, we validate only for the case with uniform inlet velocity U = 10 m/s in this study. Figure 28 shows the comparison of the velocity profile of normalized streamwise (Figure 28a ) and the turbulence kinetic energy (Figure 28b ) at the center of canyon (x/B = 0.5), between numerical results obtained from our model and the results obtained from the experiment and simulation (using LES by Fluent software) of Llaguno-Munitxa et al. [43] . It shows that the simulation by the LES method captures the streamwise velocity profile better than our model, whereas our model can capture the turbulence kinetic energy better than the LES method by Llaguno-Munitxa et al. [43] . In addition, in comparison to the reference case (flat roof and AR = 1) in the experiment of Li et al. [2] , the tendency of turbulence kinetic energy at the street canyon center (x/B = 0.5) is similar to that in this case; i.e., the value of turbulence kinetic energy is small below 4/5 height roof-level, while it jumps significantly near to the roof level. Figure 29 shows a comparison of the pressure distribution and velocity vector field (background) inside the street canyon and ambient flow over tops of round roofs, which are obtained from our model (Figure 29a ) and the LES simulation of Llaguno-Munitxa et al. [43] (Figure 29b ). It shows that a similar trend is obtained from both models. 
Validation against the Measurement Data from Llaguno-Munitxa et al.'s Experiment
In this section, we apply the numerical model to study the flow over buildings with round roof shapes. The numerical results have been validated against the data obtained from the experiment of Llaguno-Munitxa et al. [43] . The experiments were carried in the wind tunnel to observe the flow over seven building models by the box size (0.07 m × 0.07 m) and the canyon width B = 0.07 m, as shown in Figure 27 . Llaguno-Munitxa et al. [43] carried out their experiments with three different inlet boundary conditions; however, we validate only for the case with uniform inlet velocity U = 10 m/s in this study. Figure 28 shows the comparison of the velocity profile of normalized streamwise (left) and the turbulence kinetic energy (right) at the center of canyon (x/B = 0.5), between numerical results obtained from our model and the results obtained from the experiment and simulation (using LES by Fluent software) of Llaguno-Munitxa et al. [43] . It shows that the simulation by the LES method captures the streamwise velocity profile better than our model, whereas our model can capture the turbulence kinetic energy better than the LES method by Llaguno-Munitxa et al. [43] . In addition, in comparison to the reference case (flat roof and AR = 1) in the experiment of Li et al. [2] , the tendency of turbulence kinetic energy at the street canyon center (x/B = 0.5) is similar to that in this case; i.e., the value of turbulence kinetic energy is small below 4/5 height roof-level, while it jumps significantly near to the roof level. Figure 29 shows a comparison of the pressure distribution and velocity vector field (background) inside the street canyon and ambient flow over tops of round roofs, which are obtained from our model (left) and the LES simulation of Llaguno-Munitxa et al. [43] (right). It shows that a similar trend is obtained from both models. In this section, we apply the numerical model to study the flow over buildings with round roof shapes. The numerical results have been validated against the data obtained from the experiment of Llaguno-Munitxa et al. [43] . The experiments were carried in the wind tunnel to observe the flow over seven building models by the box size (0.07 m × 0.07 m) and the canyon width B = 0.07 m, as shown in Figure 27 . Llaguno-Munitxa et al. [43] carried out their experiments with three different inlet boundary conditions; however, we validate only for the case with uniform inlet velocity U = 10 m/s in this study. Figure 28 shows the comparison of the velocity profile of normalized streamwise (left) and the turbulence kinetic energy (right) at the center of canyon (x/B = 0.5), between numerical results obtained from our model and the results obtained from the experiment and simulation (using LES by Fluent software) of Llaguno-Munitxa et al. [43] . It shows that the simulation by the LES method captures the streamwise velocity profile better than our model, whereas our model can capture the turbulence kinetic energy better than the LES method by Llaguno-Munitxa et al. [43] . In addition, in comparison to the reference case (flat roof and AR = 1) in the experiment of Li et al. [2] , the tendency of turbulence kinetic energy at the street canyon center (x/B = 0.5) is similar to that in this case; i.e., the value of turbulence kinetic energy is small below 4/5 height roof-level, while it jumps significantly near to the roof level. Figure 29 shows a comparison of the pressure distribution and velocity vector field (background) inside the street canyon and ambient flow over tops of round roofs, which are obtained from our model (left) and the LES simulation of Llaguno-Munitxa et al. [43] (right). It shows that a similar trend is obtained from both models. 
Discussion
From the validation of the numerical model against various experimental data obtained from various experiments, such as Li et al.'s experiment [2] for different aspect ratios (H/B = 2.0, 1.0, and 0.5); and Rafailidis and Schatzmann's [42] , Kastner-Klein's [40] and Llaguno-Munitxa et al.'s [43] experiments for various roof shape combinations, it shows that the flow pattern and pollutant distribution are strongly dependent upon the roof geometries and their configurations of the urban street canyons.
Effect of Aspect Ratios on Flow Patterns and Pollutant Transport
The numerical simulations for different aspect ratios (AR) following Li et al.'s experiment [2] are shown at Section 4.2. The flows over the street canyons with the aspect ratios of 2.0 and 1.0 belong to the skimming regime following the classification by Oke [44] ; whereby the flow inside the canyons is characterized by the lid-driven cavity flow because the ambient wind above the roof-top level plays as a driven-lid for the street canyon. In the case of AR = 2, the flow generates two vortices in the street canyon, which are in opposite directions; an anticlockwise vortex below the half building height, and a clockwise vortex above the half building height.
Whereas, the flow forms a stable clockwise vortex at the center of street canyon in the case of AR = 1, and the vortex circulation is strongest in this case as mentioned by Oke [44] as well. The number of the vortices generated inside the canyon correspond to the number of times when the direction of the vertical profile of streamwise velocity is changed from negative to positive and vice versa.; e.g., the stream-wise velocity is negative below the half-height roof level, and positive over this same halfheight level in the reference case AR = 1, and the streamwise velocities change direction twice from bottom to the roof level in the case of AR = 2. In the case of AR = 0.5, the flow belongs to the wake interference flow regime, in which two main interacting vortices and a small vortex form inside the canyon; the downwind building disturbs the recirculation vortex before readjustment can occur; the largest vortex takes place on the windward side, and occupies about two thirds of the area of the street canyon; the second large vortex takes place on the leeward ward side near to the lower corner; and the little third vortex is located at the right lower corner of the canyon (Figure 18a) .
Moreover, the value of turbulence kinetic energy is generally small below about 4/5 roof-level height, while it significantly increases upward from there to near the roof level. This trend is also found the same in the round roofs in Llaguno-Munitxa et al.'s experiment [43] , whereby the AR (H/B) is also of 1.
Effect of Roof Shapes on the Flow Patterns and Pollutant Distribution
In this study, the flat roof with the aspect ratio AR = 1.0 was used as a reference case to compare the results. From the simulations following Rafailidis and Schatzmann's [42] , Kastner-Klein's [40] and Llaguno-Munitxa et al.'s [43] experiments, it shows that the flow patterns inside the urban street canyons under the effects of roof geometries are very distinguished from each other. Only the flow over a street canyon formed by the slanted roof with the slanted slope ZH/H = 0.17 (of Rafailidis and Schatzmann's experiment [42] ) or stepdown-stepup in the situation 3 (of Kastner-Klein's experiment [40] ) or round roofs (of Llaguno-Munitxa et al.'s experiments [43] ) is quite similar to the flow in the 
Discussion
From the validation of the numerical model against various experimental data obtained from various experiments, such as Li et al.'s experiment [2] for different aspect ratios (H/B = 2.0, 1.0, and 0.5); and Rafailidis and Schatzmann's [42] , Kastner-Klein's [30] and Llaguno-Munitxa et al.'s [43] experiments for various roof shape combinations, it shows that the flow pattern and pollutant distribution are strongly dependent upon the roof geometries and their configurations of the urban street canyons.
Effect of Aspect Ratios on Flow Patterns and Pollutant Transport
Whereas, the flow forms a stable clockwise vortex at the center of street canyon in the case of AR = 1, and the vortex circulation is strongest in this case as mentioned by Oke [44] as well. The number of the vortices generated inside the canyon correspond to the number of times when the direction of the vertical profile of streamwise velocity is changed from negative to positive and vice versa.; e.g., the stream-wise velocity is negative below the half-height roof level, and positive over this same half-height level in the reference case AR = 1, and the streamwise velocities change direction twice from bottom to the roof level in the case of AR = 2. In the case of AR = 0.5, the flow belongs to the wake interference flow regime, in which two main interacting vortices and a small vortex form inside the canyon; the downwind building disturbs the recirculation vortex before readjustment can occur; the largest vortex takes place on the windward side, and occupies about two thirds of the area of the street canyon; the second large vortex takes place on the leeward ward side near to the lower corner; and the little third vortex is located at the right lower corner of the canyon (Figure 18a) .
Effect of Roof Shapes on the Flow Patterns and Pollutant Distribution
In this study, the flat roof with the aspect ratio AR = 1.0 was used as a reference case to compare the results. From the simulations following Rafailidis and Schatzmann's [42] , Kastner-Klein's [30] and Llaguno-Munitxa et al.'s [43] experiments, it shows that the flow patterns inside the urban street canyons under the effects of roof geometries are very distinguished from each other. Only the flow over a street canyon formed by the slanted roof with the slanted slope Z H /H = 0.17 (of Rafailidis and Schatzmann's experiment [42] ) or stepdown-stepup in the situation 3 (of Kastner-Klein's experiment [30] ) or round roofs (of Llaguno-Munitxa et al.'s experiments [43] ) is quite similar to the flow in the reference case, i.e., the flow forms a stable clockwise vortex at the center of the street canyon. However, when the slope of a slanted roof (Z H /H) is increased over 0.33 (as shown in the Rafailidis and Schatzmann experiment [42] ) or the roof shapes change from flat roofs (reference case) to stepdown-flat (situation 4) or to flat-stepup (situation 5) configurations (in Kastner-Klein's experiment [30] ), the center of the vortex is lifted upward to the roof level.
In the stepup-stepup configuration (situations 1), the flow inside the canyon interfered with by the outside ambient flow forms two vortices, a main larger one below and a smaller one located at the building roof level. In the stepup-stepdown configuration (situation 2), this geometry increases the aspect ratio, and consequently the flow forms two vortices in the street canyon, where the larger vortex is a bit upward above mid-roof level, and the smaller vortex is located close to the street surface.
In comparison to the reference case, the vertical distributions of pollutant concentration at the leeward side in the situations 2 (stepup-stepdown) and 5 (flat-stepup) are the same as in the reference case; i.e., the pollutant concentrations at leeward is much larger than those at the windward side, particularly below the mid-height roof level. In addition, the vertical pollutant concentration significantly decreases upward at the leeward site, while it keeps quite steady at the windward site. Whereas, in the situations 1 (stepup-stepup), 3 (stepdown-stepup) and 4 (stepdown-flat), it shows an opposite trend to the results obtained from the reference case, that is situations 2 and 5. This is to say that the vertical concentrations at the windward side are much larger than those at the leeward site, and the concentration significantly drops upward at windward site, while it keeps steady at leeward site. Moreover, the vertical pollutant concentration gradually decreases upward at windward site, and is kept steady at the leeward site in those cases (situations 1, 3 and 4).
From the results obtained from the reference case, it shows that the pollutant sources regardless are released at the location A or B, the vertical distribution of pollutant concentrations at windward site has similar features in magnitude and tendency; i.e., it has the same small magnitude, and is kept steadily upward ( Figure 24 ). Since the location B is located at the windward site distancing from the leeward site, the vertical concentrations consequently at the leeward are smaller when the source is released from location B in comparison with those released at location A.
Conclusions
As shown above, we developed a numerical model based upon an open source CFD package OpenFOAM in order to investigate the flow pattern and pollutant dispersion in urban street canyons. Before we can apply the model to investigate the effects of various geometry configurations, such as different roof shapes and aspect ratios, the model was carefully validated for different two-equation turbulence closure models and various Schmidt numbers. Finally, the RNG k-ε turbulence model and the Schmidt numbers Sc t = 0.9 are selected.
The numerical model was validated against the experimental data obtained from a number of well-known experiments, such as Li et al.'s experiment [2] for different aspect ratios (H/B = 2.0, 1.0, and 0.5), as well as Rafailidis and Schatzmann's [42] , Kastner-Klein's [30] and Llaguno-Munitxa et al.'s [43] experiments for various roof shapes and their combinations. Overall, the numerical results show very good agreements with the measurements. It shows the ability of the numerical model, which can be used to investigate the flows and pollutant dispersions in urban street canyons. However, it should be noted that there still exist some differences between the numerical results and the observations at certain locations, as mentioned in Tables 3 and 4 above. Therefore, the numerical model will be continued to implement more intensively the quantitative validations against the observation data in various street canyon configurations. The numerical model is actually capable of simulating three-dimensional geometries; nevertheless, due to the limitation of available observation data in three-dimensional regions, our validations are still limited with 2D available data sets. We are currently collecting the data from typical real urban street canyons in order to further validate against a real case study. We also plan to take into account the effect of temperature and planted trees in urban street canyons. 
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Appendix A Table A1 . List of evaluation parameters used in the manuscript.
Evaluation Parameter Equation Author
1 Root Mean Square Error, (RMSE)
Moriasi et al. [47] 3 Coefficient of determination, R 2
Moriasi et al. [47] Where: O i : Observe, P i : Predict, _ O: average of the observe value, _ P: average of the predicted value.
